Abstract. To investigate the relationship between blood rheology and endothelial function in patients with coronary risk factors, brachial arterial flow-mediated vasodilatation (FMD), an index of endothelial function and blood passage time (BPT), an index of blood rheology, and fasting blood cell count, glucose metabolism, and plasma fibrinogen, lipid, C-reactive protein, and whole blood viscosity levels were measured in 95 patients with coronary risk factors and 37 healthy controls. Brachial arterial FMD after reactive hyperemia was assessed by ultrasonography. BPT was assessed using the microchannel method. In healthy controls, BPT significantly correlated with FMD (r = -0.325, p < 0.05), HDL cholesterol (r = -0.393, p < 0.05), body mass index (BMI; r = 0.530, p < 0.01), and plasma fibrinogen concentration (r = 0.335, p < 0.05). In a multivariate regression analysis adjusted for all clinical variables, BPT remained significantly associated with BMI and fibrinogen, but not with FMD, in healthy controls. In patients with coronary risk factors, BPT significantly correlated with FMD (r = -0.331, p < 0.01), HDL cholesterol (r = -0.241, p < 0.05), BMI (r = 0.290, p < 0.01), hematocrit (r = 0.422, p < 0.001), white blood cell count (r = 0.295, p < 0.01), platelet count (r = 0.204, p < 0.05), and insulin (r = 0.210, p < 0.05). In a multivariate regression analysis adjusted for all clinical variables, BPT remained strongly associated with FMD and hematocrit in patients with coronary risk factors. These data indicate that BPT is closely associated with FMD in patients with coronary risk factors and suggest that the measurement of blood rheology using the microchannel method may be useful in evaluating brachial arterial endothelial function as a marker of atherosclerosis in these patients.
Introduction
Epidemiological studies have identified hypertension [6, 17] , dyslipidemia [6, 16] , diabetes mellitus [18] , and smoking [6, 49] as important risk factors for coronary heart disease (CHD). These coronary risk factors induce and promote atherogenesis [38] . Recent insights into the basic mechanisms involved in atherogenesis indicate that deleterious alterations of endothelial physiology, also termed endothelial dysfunction, represent a key early step in the development of atherosclerosis and are also involved in plaque progression and occurrence of atherosclerotic complications [38] . In the early stages of atherosclerosis, these coronary risk factors are possible causes of endothelial dysfunction [38] .
Despite recent advances in our understanding of the pathogenesis of atherosclerosis, the pathophysiology of the coronary risk factor-associated atherosclerotic process is poorly understood. Hemorheological parameters are considered related to the formation of atherosclerotic thrombi because 140
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fibrinogen concentration [9] , plasma viscosity [23] , and blood viscosity [28] have been identified as independent atherosclerotic risk factors. Several clinical studies have reported a relationship between hemorheological parameters and coronary risk factors [12, 22, [25] [26] [27] . Hemostatic factors, including fibrinogen level, whole-blood viscosity, plasma viscosity, impaired erythrocyte deformability, and platelet aggregation, are greater in hypertensive patients than those in normotensive individuals [25, 27] . Dyslipidemic patients were found to exhibit high serum levels of total cholesterol (TC), lowdensity lipoprotein cholesterol (LDL-C), and triglyceride (TG), which impaired the deformability of erythrocytes [26] . Plasma viscosity positively correlates with TC, TG, and LDL-C levels and inversely correlates with high-density lipoprotein cholesterol (HDL-C) level [22] . Smokers exhibit higher wholeblood viscosity, plasma viscosity, and plasma fibrinogen concentrations compared with nonsmokers [12] .
Recently, a new microchannel method has been developed to measure blood rheology [19, 29, 30, 32, 33, 42, 43, 45, 46] . The method facilitates the observation of blood flow under a microscope connected to a visual display unit while evaluating blood rheology. This method may be useful in acquiring new insights into the pathophysiology of the atherosclerotic process in patients with coronary risk factors. Reportedly, blood rheology measured using the microchannel method is influenced by red blood cell (RBC) deformability, leucocyte adhesiveness, platelet aggregation, and whole-blood and plasma viscosities [19, 29, 30, 32, 33, 42, 43, 45, 46] . Using the microchannel method, several studies have identified a relationship between blood rheology and coronary risk factors [29, 33, 42, 43, 46] . Blood rheology is impaired in patients with hypertension [46] and dyslipidemia [29, 33] and smokers [43] and is positively correlated with TC, TG, and LDL-C levels and the LDL-C/HDL-C ratio and negatively correlated with HDL-C [29, 33, 42] . However, the relationship between blood rheology and endothelial function in patients with coronary risk factors remains unclear.
Brachial arterial flow-mediated vasodilatation (FMD) is dependent on endothelial function and can be measured during reactive hyperemia using high-resolution ultrasound [3, 37] . FMD is widely used in clinical settings because it serves as a good marker of clinical atherosclerosis [3, 37] . Impaired brachial arterial FMD is associated with cardiovascular disease. To investigate the relationship between blood rheology and endothelial function in patients with coronary risk factors, we compared brachial arterial FMD and blood rheology between healthy individuals and patients with coronary risk factors. In addition, we evaluated the correlation between brachial arterial FMD and blood rheology in healthy individuals and patients with coronary risk factors.
Materials and methods

Participants
We recruited 132 consecutive Japanese volunteers (age: 48.9 ± 13.2 years; range: 22-74 years), consisting of 72 men (age: 49.9 ± 13.6 years; range: 22-74 years) and 60 women (age: 47.7 ± 12.7 years; range: 23-68 years). The participants were referred to our department to evaluate the risk or presence of cardiovascular disease. All were in a stable chronic condition. Details of patients' medical histories were acquired, and physical examinations, examinations of brachial arterial endothelial function, rheological measurement of whole blood, and laboratory tests were performed for all participants. Patients with a history of cardiovascular disease, including stroke, CHD, thromboembolic disease, congestive heart failure or peripheral arterial disease, malignancy, infectious disease, liver disease, renal disease, overt endocrine disease, or use of steroid hormones, nitrates, antiplatelets, or anticoagulants, were excluded because these conditions may have a serious influence on both endothelial function and rheological measurement.
The participants were divided into two groups: the healthy control group (n = 37) and the patients with coronary risk factors group (n = 95). Sixty-seven percent of the patients with coronary risk factors had one or more classical coronary risk factor, such as hypertension, dyslipidemia, diabetes mellitus, or current smoking. Hypertension, dyslipidemia, and diabetes mellitus were defined according to diagnostic criteria [1, 35, 47] or if participants were receiving any medications for these diseases. Of the patients with coronary risk factors, patients with hypertension, dyslipidemia, diabetes, and current smokers comprised 48%, 79%, 14%, and 29%, respectively, of the cohort. Patients with hypertension were treated as follows: 9% with angiotensin II type 1 receptor blockers, 2% with angiotensin-converting enzyme inhibitors, 1% with ␣1-blockers, 3% with ␤-blockers, 13% with calcium antagonists, and 5% with diuretics. Patients with dyslipidemia were treated as follows: 9% with statins, 1% with ezetimibes, and 1% with fibrates. Patients with diabetes were treated as follows: 3% with dipeptidyl peptidase-4 inhibitors, 2% with sulfonylureas, and 1% with insulin therapy. Written informed consent was obtained from each participant, and the study was approved by the Institutional Review Board of Gunma University Hospital, Gunma, Japan.
Study protocol
In the morning, after a 12-h fast, physical examinations and examinations of brachial arterial endothelial function were performed, and blood samples were collected in three polypropylene tubes for serum and plasma analyses and blood rheology and blood viscosity measurements. Blood rheology and blood viscosity samples (each 2 mL) were obtained by puncture of an antecubital vein using a 23-G needle whilst the patient was in the sitting position. Heparin solution (0.1 mL, 1000 IU/mL) and EDTA-2K were used as anticoagulants for measurement of whole blood rheology and whole blood viscosity, respectively. The rheology of whole-blood samples was measured within 2 h of sample collection. The viscosity of whole-blood samples was measured immediately after sample collection.
Physical examination
The height and weight of each participant were measured, and their body mass index (BMI) was calculated (weight in kilograms divided by height in meters squared). Blood pressure was measured in the morning after overnight fasting (12 h). Measurements were conducted by the same investigator with a sphygmomanometer on the right arm of the patients, after he or she had rested for 10 min in the supine position.
Measurement of blood rheology
Blood rheology was measured with a microchannel array flow analyzer (MC-FAN; Hitachi Haramachi Electronics Co., Ltd., Ibaraki, Japan), as previously reported [29, 30, 32, 33, 42, 43, 45, 46] . Briefly, an aliquot (200 L) of each blood sample was introduced into a cylinder connected to the inlet hole of the silicon chip holder using a 1-mL disposable syringe and a thin catheter. The blood sample was allowed to flow through the microchannel array (Bloody 6-7; Hitachi Haramachi Electronics Co., Ltd.; V-shaped groove; width 7 m, length 30 m, depth 4.5 m) by applying a pressure difference of 20 cm of water. The flow rate was determined by recording the time when the meniscus of the sample crossed the graduation marks (10 L intervals from 0-100 L) on the sample cylinder. Simultaneously, the flow of blood cells through individual microchannels was observed and recorded using an inverted metallographic microscope, video camera, and video recorder. The passage time of 100 L of saline was determined before each blood measurement to check the accuracy of the equipment (12 sec; permissible range: 10-14 sec), and this information was then used to correct the passage time of 100 L of whole blood. The corrected passage time of whole blood was calculated as (observed passage time of whole blood×12)/observed passage time of saline, and it was designated blood passage time (BPT). The inter-and intra-assay coefficients of variation for BPT were 8% and 5%, respectively.
Measurement of brachial arterial endothelial function
The validity of this method has been demonstrated in previous studies [8, 44] . In brief, after participants had rested in the supine position for 10 min, imaging of the right brachial artery and measurement of vasodilatory responses were conducted using high-resolution Doppler ultrasonography equipment with a 7.5-MHz transducer (LOGIQ 9; GE Healthcare, Japan Corporation, Tokyo, Japan). A nontortuous segment of the brachial artery was scanned longitudinally about 4-5 cm above the elbow, where the clearest images could be obtained. After determining the optimum transducer position, the skin was marked, and the arm was maintained in the same position throughout the study. After baseline images of the brachial artery were obtained and arterial flow velocity was determined, a blood pressure cuff tied around the proximal portion of the forearm, distal to the antecubital fossa, was inflated to 250 mm Hg for 5 min, followed by quick deflation. Flow velocity in the brachial artery was determined immediately and 1 min after deflation. All scans were recorded on videotape for later analysis along with blood pressure and heart rate recordings during each stage of the investigation. The diameter of the brachial artery was measured from the anterior to posterior interfaces between the media and adventitia ("m" line) at the end of diastole, which was defined by the R wave on a continuously recorded electrocardiogram. The vessel diameter was measured over four cardiac cycles, and the measurements were averaged, without previous knowledge of the individual's treatment group. FMD was calculated as the percent increase in arterial diameter during hyperemia, and it represents an index of endotheliumdependent vasodilatation. The inter-and intra-observer variabilities for the repeated measurements of arterial diameter at rest were 0.06 ± 0.03 and 0.04 ± 0.03 mm, respectively. The variability of FMD determined on two separate days was 2.7% ± 1.2%.
Laboratory analyses
Hematocrit, white blood cell (WBC) count, and platelet count were measured using an automated hematology analyzer (Sysmex XE-5000; Sysmex Corporation, Kobe, Japan). Fibrinogen concentration was measured by the Clauss method using an automated coagulation analyzer (Sysmex CS-5100; Sysmex Corporation). Serum TC, TG, HDL-C, and LDL-C levels were measured by enzymatic methods, and C-reactive protein (CRP) levels were measured by latex immunoassay, using an automatic analyzer (LABOSPECT008; Hitachi High-Technologies Corporation, Tokyo, Japan). Serum insulin levels were measured by chemiluminescence immunoassay using an automatic analyzer (AIA-2000 LA; Tosoh Corporation, Tokyo, Japan). Plasma glucose levels were measured by the hexokinase method, and hemoglobin A1c levels were measured by high-performance liquid chromatography, using automatic analyzers (ADAMS Glucose GA-1170 and ADAMS A1c HA-8180; ARKRAY, Inc., Kyoto, Japan). Whole blood viscosity levels were measured at 60 revolutions/min using a micro cone-plate viscometer (LVDV-II + Pro CP; Brookfield Engineering Laboratories, Middleboro, MA, USA) [36] . The interand intra-assay coefficients of variation for BPT were 7% and 5%, respectively.
Statistical analyses
Data are expressed as means ± standard deviation (SD). The Student's t-test was used to analyze differences between the two groups. The χ 2 and Fisher's exact tests were used to compare the proportion of males to females and the prevalence of risk factors. Pearson's correlation coefficient was used to examine the relationships between BPT and FMD values and other clinical variables. Multiple regression analysis was performed between BPT and FMD values and other clinical variables. All probability values were two-tailed. P-values of <0.05 were considered statistically significant. All statistical analyses were performed using IBM SPSS software (v21.0; Michigan, IL, USA).
Results
Participant characteristics
The characteristics of healthy controls and patients with coronary risk factors are shown in Table 1 . Age, BMI, and systolic and diastolic blood pressures were significantly greater in patients with coronary risk factors than those in healthy controls (all p < 0.001). BPT, hematocrit, WBC count, and fibrinogen, plasma glucose, hemoglobin A1c, insulin, TC, TG, LDL-C, CRP, and whole blood viscosity levels were also significantly greater in patients with coronary risk factors than those in healthy controls (all p < 0.05), and brachial arterial FMD and HDL-C levels were significantly lower in patients with coronary risk factors than those in healthy controls (all p < 0.001). However, platelet count did not differ Values are presented as means ± standard deviation. FMD = flow-mediated vasodilation, BPT = blood passage time, HDL = high-density lipoprotein, LDL = low-density lipoprotein.
significantly between the groups. The proportion of males to females, the prevalences of hypertension, dyslipidemia, and diabetes mellitus, and the proportion of current smokers were significantly higher in patients with coronary risk factors than those in healthy controls (all p < 0.05).
Correlation between blood passage time and flow-mediated vasodilatation
In healthy controls, the correlations between BPT and brachial arterial FMD and other clinical variables are shown in Tables 2 and 3 . Univariate regression analysis revealed BPT to be significantly negatively correlated with brachial arterial FMD (r = -0.325, p < 0.05) and HDL-C (r = -0.393, p < 0.05), and positively correlated with BMI (r = 0.530, p < 0.01) and fibrinogen level (r = 0.335, p < 0.05), but not significantly associated with other clinical variables. Multivariate regression analysis revealed that BPT was significantly positively correlated with BMI (p < 0.01) and fibrinogen (p < 0.01), but not significantly associated with other clinical variables. 
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In patients with coronary risk factors, the correlations between BPT and brachial arterial FMD and other clinical variables are shown in Fig. 1 and Tables 4 and 5 
Discussion
In this study, we showed for the first time that BPT is higher and brachial arterial FMD is lower in patients with coronary risk factors than that in healthy control participants. In healthy controls, there were no significant correlation between BPT and brachial arterial FMD. In patients with coronary risk factors, however, BPT was significantly inversely correlated with brachial arterial FMD.
Several studies [24, 29, 33, 42, 43, 46] have demonstrated impaired blood rheology in patients with coronary risk factors using the microchannel method. In untreated hypertensive patients, BPT and blood pressure were found to be significantly higher than those in normotensive participants [46] . In dyslipidemic patients, BPT was significantly greater than that in normolipidemic individuals [29, 33] . In men with metabolic syndrome, which includes obesity, dyslipidemia, hypertension, and hyperglycemia, BPT was significantly higher than that in men without metabolic syndrome [24] . Furthermore, in smoking patients, BPT was significantly correlated with smoking variables such as daily tobacco consumption, and smoking cessation resulted in a markedly decreased BPT 3 months after the start of therapy [43] . In contrast, several studies [5, 7, 13, 14] have reported endothelial dysfunction in patients with coronary risk factors based on the assessment of brachial arterial FMD. Brachial arterial FMD was significantly less in essential hypertensive [14] , hypercholesterolemic [5] , and noninsulindependent diabetic patients [13] than that in healthy controls. The effect of cigarette smoking was dose-related, and smokers exhibited impaired brachial arterial FMD relative to healthy young adults [7] . Rossi et al. [39] also have demonstrated that peripheral microvascular dysfunction, assessed by forearm skin post-occlusive reactive hyperemia (PORH) test, may contribute to atherosclerotic damage in type 1 diabetes patients. This skin PORH test may be considered a measure of skin vasoreactivity, mostly dependent from the myogenic function of the microvascular wall and only, to a lesser extent, from the microvascular endothelial function. These findings support the results of our study. Thus, the presence of these factors may negatively influence blood rheology and endothelial function in patients with coronary risk factors.
Few studies demonstrate an association between blood rheology and brachial arterial endothelial function in patients with coronary risk factors. However, an association between blood rheology as assessed by MC-FAN and other surrogate markers of atherosclerosis, such as pulse-wave velocity (PWV) and carotid intima-medial thickness (IMT), has been shown in patients with coronary risk factors in a few studies [21, 41] . PWV and carotid IMT are also widely used to assess functional and structural vascular damage. Satoh et al. [41] reported that BPT was closely positively correlated with PWV in obese patients, suggesting that impaired blood rheology may be closely associated with increased arterial stiffness in these patients. Kobayashi et al. [21] demonstrated that BPT was significantly well correlated with PWV and carotid IMT in patients with hemodialysis, suggesting that blood rheology may contribute to atherosclerosis in uremic patients undergoing hemodialysis. This study also revealed that BPT is negatively associated with brachial arterial endothelial function (as measured by FMD) in patients with coronary risk factors. Although there were differences in the methods used to assess clinical atherosclerosis between our and these two studies, their findings are consistent with the results of this study. Accordingly, it is likely that a negative association is present between blood rheology and brachial arterial endothelial function in patients with coronary risk factors.
The reasons why blood rheology (as measured by MC-FAN) is negatively associated with endothelial function (as measured by brachial arterial FMD) in patients with coronary risk factors but not in healthy controls remain unclear. However, there are several possible explanations. Blood rheology may interact with endothelial function; an impaired FMD response reflects endothelial dysfunction. Because FMD is predominantly dependent on endothelium-derived nitric oxide (NO) [15, 31] , impaired FMD is characterized by a decreased production and/or local bioavailability of NO. NO increases RBC and platelet deformability, and reduces platelet aggregation and leukocyte adhesion [6, 20, 48] . Reportedly, RBC deformability, leucocyte adhesiveness, and platelet aggregation also affect blood rheology measured using the microchannel method [19, 29, 32, 33, 42, 43, 45, 46] . Therefore, endothelial dysfunction measured by brachial arterial FMD may be associated with impaired blood rheology as measured by MC-FAN in patients with coronary risk factors. In contrast, elevated RBC aggregation and impaired RBC deformability, which are related to impaired blood rheology as measured using the microchannel method [19, 29, 32, 33, 42, 43, 45, 46] , suppress the expression and activity of NO synthase [2] . In a rat model, Baskurt et al. [2] demonstrated that enhanced RBC aggregation results in suppressed expression of NO synthesizing mechanisms, leading to altered vasomotor tonus; the mechanisms involved are most likely related to decreased wall shear stresses due to decreased blood flow and/or increased axial accumulation of RBCs. Furthermore, Naruse et al. [34] reported that long-term administration of N omega-nitro-L-arginine methylester (L-NAME), an inhibitor of NO synthase, causes further impairment of endothelium-dependent relaxation in the hypercholesterolemic rabbit thoracic aorta. Thus, impaired blood rheology as measured by MC-FAN may be associated with endothelial dysfunction as measured by brachial arterial FMD in patients with coronary risk factors.
Forconi et al. [10, 11] and Intaglietta et al. [40] have reported the association between hemorheology and endothelial function. They have hypothesized that increased blood viscosity is associated with endothelial activation. In the present study, while whole blood viscosity levels were significantly greater in patients with coronary risk factors than those in healthy controls, there were no significant associations between whole blood viscosity and FMD in the healthy control participants (r = -0.242, p = 0.154) (data not shown) as well as in the patients with coronary risk factors (r = -0.038, p = 0.726) (data not shown). Parkhust et al. [36] also have reported that whole blood viscosity is not significantly correlated with FMD in healthy populations without any overt disease. This finding supports the results of the present study. Since the present study does not include severe diseased populations, the lack of significant associations between whole blood viscosity and FMD may be obtained by a relative narrow range of whole blood viscosity values in our sample ranging from 3.17 to 5.10cP. Thus, it is possible that the present study showed no associations between whole blood viscosity and FMD.
This study has several limitations. First, the number of participants enrolled was relatively small. A larger number of participants are required. Second, the study may have been subject to bias because the study participants ranged from young to elderly patients with or without various coronary risk factors. A cohort that was homogeneous in terms of age and health status is required. Third, in this study, a proportion of patients with coronary risk factors were receiving medications such as antihypertensive, lipid-lowering, and hypoglycemic agents, which may complicate the interpretation of the results. Finally, because the results range for healthy control participants in this study was small, it is possible that there was no significant association between BPT and brachial arterial FMD in healthy controls.
Conclusions
In this study, we demonstrated that patients with coronary risk factors have impaired blood rheology associated with decreased flow-mediated vasodilation. Our data suggest that measurement of blood rheology using the microchannel method may be useful in evaluating flow-mediated vasodilation as a marker of atherosclerosis in patients with coronary risk factors. Further studies are needed to clarify the relationship between blood rheology and flow-mediated vasodilation in patients with coronary risk factors as well as in healthy individuals.
